Electron nuclear double resonance with donor-bound excitons in silicon by Franke, David P. et al.
Electron nuclear double resonance with donor-bound excitons in silicon
David P. Franke,1, ∗ Michael Szech,1 Florian M. Hrubesch,1 Helge Riemann,2 Nikolai V. Abrosimov,2
Peter Becker,3 Hans-Joachim Pohl,4 Kohei M. Itoh,5 Michael L. W. Thewalt,6 and Martin S. Brandt1
1Walter Schottky Institut and Physik-Department,
Technische Universita¨t Mu¨nchen, 85748 Garching, Germany
2Leibnitz-Institut fu¨r Kristallzu¨chtung, 12489 Berlin, Germany
3PTB Braunschweig, 38116 Braunschweig, Germany
4VITCON Projectconsult GmbH, 07743 Jena, Germany
5School of Fundamental Science and Technology, Keio University, Yokohama 223-8522, Japan
6Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada
We present Auger-electron-detected magnetic resonance (AEDMR) experiments on phosphorus
donors in silicon, where the selective optical generation of donor-bound excitons is used for the
electrical detection of the electron spin state. Because of the long dephasing times of the electron
spins in isotopically purified 28Si, weak microwave fields are sufficient, which allow to realize broad-
band AEDMR in a commercial ESR resonator. Implementing Auger-electron-detected ENDOR,
we further demonstrate the optically-assisted control of the nuclear spin under conditions where
the hyperfine splitting is not resolved in the optical spectrum. Compared to previous studies, this
significantly relaxes the requirements on the sample and the experimental setup, e.g. with respect
to strain, isotopic purity and temperature. We show AEDMR of phosphorus donors in silicon with
natural isotope composition, and discuss the feasibility of ENDOR measurements also in this system.
Spin-to-charge conversion in electrically detected mag-
netic resonance provides a very sensitive way of mea-
suring the spins of donors in silicon [1–4], enabling the
detection of single spins [5, 6], as well as spin resonance
experiments at low or zero external magnetic field [7–
9]. In the context of quantum computation, where the
electron and nuclear spins of donors in silicon are inter-
esting because of their extremely long coherence times
[4, 10–13], electrical detection, as well as electrical con-
trol [14–17], could facilitate an integration of quantum
bits with current semiconductor technology. In the case
of electrical detection based on spin-dependent recom-
bination, the time scales which can be addressed can
be limited by the spin lifetime of the particular readout
partner [8, 18] which in turn also limits the nuclear spin
coherence time of neutral donors [19, 20]. The spin-to-
charge conversion based on the creation of donor-bound
excitons (DBE), on the other hand, does not have this
effect [4]. DBE complexes can be formed by resonant in-
frared laser excitation and almost immediately decay in
an Auger process generating nonequilibrium charge car-
riers in the conduction band, allowing the detection of
the optical transition as a photocurrent. In particular in
isotopically purified 28Si, these infrared transitions can
be remarkably sharp and the Zeeman interaction of the
donor and the DBE complex with magnetic fields can
be resolved in the optical spectra [21, 22]. This spin-
selective excitation can be used as an electrical detection
mechanism for the electron spin of the donor [22], called
Auger-electron-detected magnetic resonance (AEDMR)
[4]. In samples with high purity and at low temperatures
(typically T < 5 K), it is even possible to optically re-
solve the hyperfine splitting [22, 23] enabling the optical
[24, 25] and electrical [4] detection of the nuclear spin
state.
In silicon with natural isotope composition (natSi), the
line broadening connected to random positions of the dif-
ferent isotopes in the host crystal renders this selective
excitation of donors in a certain nuclear spin state impos-
sible [26, 27]. While electron spin selectivity via DBE in
natSi is obtained at high magnetic fields and allows for a
fast and high polarization of the electron spins, an optical
polarization of the nuclear spins can only be reached on a
timescale of minutes to hours, based on Overhauser relax-
ation [28–30]. A similar situation arises for 28Si when the
DBE lines are broadened by even weak inhomogeneous
strains. Therefore in these experiments the photocon-
ductivity is usually monitored in a contactless capacitive
fashion by placing the sample between two metal plates
and measuring the impedance of this assembly. Only re-
cently, AEDMR of the electron spin of 31P donors was
realized in a 28Si sample equipped with evaporated Al
contacts [31]. While this experimental realization allows
for a higher sensitivity compared to a capacitive detec-
tion of the sample’s conductivity, the strain induced by
the contact structure appears to significantly shift and
broaden the DBE transitions, inhibiting the separation
of the nuclear spin states in that study. We address this
issue by implementing Auger-electron-detected electron
nuclear double resonance (ENDOR), enabling us to de-
tect the nuclear spin state of 31P donors in experimental
conditions such as higher temperatures or the presence
of strain, where the hyperfine interaction is not optically
resolved. We further show the feasibility of AEDMR in
natSi at magnetic fields corresponding to X-band frequen-
cies, demonstrating that our ENDOR approach will also
be beneficial in such samples.
A schematic representation of the DBE transitions (not
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2FIG. 1. (a) Level scheme showing the donor-bound exci-
ton transitions. (b) Level population scheme demonstrating
the principle of AEDMR. For details see text. (c) Photocon-
ductive spectrum at B = 351 mT showing the six electron-
spin-selective transitions. (d) Frequency of the mI = −1/2
resonance as a function of the magnetic field B. Solid black
and red lines represent calculated mI = −1/2 and mI = +1/2
peak positions, respectively, for g = 1.99851 and a hyperfine
interaction A = 117.52 MHz.
considering the donor nuclear spin) is shown in Fig. 1(a).
The neutral donor states are labeled D0 and split up in
two levels with electron spin projections mS = ±1/2 due
to the Zeeman interaction with an external magnetic field
B. The donor-bound exciton states, labeled D0X, split
according to the Zeeman interaction of the hole with spin
3/2 and spin projections mh = −3/2 . . . 3/2, since the
two electrons in the three-particle DBE complex form a
spin singlet. This leads to a total of six dipole-allowed
optical transitions indicated by the red lines labeled 1
through 6 [22]. The selective excitation of one of these
lines allows us to perform electrically detected ESR ex-
periments, as schematically shown in Fig. 1(b), where
the laser is assumed to excite DBE line 1. The ioniza-
tion of donors in the mS = +1/2 state and the sub-
sequent capture of an electron with random spin state
lead to an accumulation of donors with mS = −1/2 and
hence a very large steady-state polarization. The level
populations of the neutral donors D0 with electron and
nuclear spin projections mS and mI , resp., are shown
by the gray boxes in Fig. 1(b). Since the ESR transi-
tions, in contrast to the DBE transitions in our exper-
iments, are nuclear-spin-selective, all four donor levels
have to be considered when discussing the principle of the
AEDMR experiments. If one of the two ESR transitions
(∆mS = ±1, ∆mI = 0) is saturated by microwave (mw)
irradiation (dashed blue arrow), one of the mS = +1/2
states gets repopulated (dashed boxes). Under continu-
ous excitation of one of the DBE lines (here: DBE line
1), the ESR saturation enhances the formation of DBEs
and, subsequently, the ejection of charge carriers into the
conduction band. It is easily seen that, while shown for
DBE line 1 and mI = −1/2 here, this process can realize
an electrical detection of ESR for all six DBE lines and
both ESR transitions.
The samples used in this work are an isotopically pu-
rified 28Si sample ([28Si] = 99.995%) with a dopant con-
centration [P] = 8× 1014 cm−3 (size ∼ 15× 3× 1 mm3)
[24] and a natSi sample cut from a commercial float zone
wafer with [P] = 5×1015 cm−3 (size ∼ 15×4×1.5 mm3).
The experiments are performed in a Bruker flexline X-
band resonator for pulsed ENDOR in a He-flow cryostat
at a typical temperature T = 6 K. Microwave pulses are
defined by a digital pulse card generating square pulses
that are mixed with continuous-wave (cw) microwave.
These are then amplified by a traveling-wave-tube am-
plifier and attenuated, resulting in a typical mw power of
∼ 10 W which in our system corresponds to a pulselength
of ∼ 250 ns for a pi-pulse. To avoid mechanical stress, the
samples are mounted loosely between two gold-covered
plates, the impedance of which is monitored at 476 kHz
with a lock-in amplifier. The phase of the detection is
chosen such that the signal-to-noise ratio of the pho-
toconductivity measurement is optimal. The magnetic
field was calibrated with an NMR Gaussmeter placed at
the sample position, giving an estimated uncertainty of
±0.01 mT. The NKT Photonics fiber laser provides wave-
lengths λ between 1077.7 and 1078.5 nm, achieved by ad-
justment of the fiber temperature and an additional, fast
tuning via the voltage applied to a piezo-electric crystal.
A laser power of 15 mW is used and the light is focused
on the sample’s thinner edge, the spot size on the sample
is ∼ 1 × 5 mm2. Because of the very weak absorption
[27], we assume that the we probe the full depth of the
samples with an estimated number of 1013 (28Si sample)
and 1014 (natSi sample) phosphorus spins. For cw ESR
measurements, the laser wavelength is tuned to one of
the DBE lines and stabilized by a PI controller using the
observed photoconductivity as feedback.
Figure 1(c) exemplarily shows the measured photocon-
ductive signal as a function of the laser wavelength and
clearly shows the six DBE lines which are split by an
external magnetic field B = 351 mT. Tuning the laser
to DBE line 1 and sweeping the mw frequency f at a
fixed external magnetic field, we record AEDMR spec-
tra. A typical AEDMR spectrum is shown in the inset of
Fig. 1(d), where the photoconductive signal is shown as
a function of the mw frequency for B = 336.8 mT. Due
to the long coherence times of the electron spin, only
weak microwave powers are needed to saturate the ESR
transition. Therefore, in cw experiments, we are able to
use the microwave antenna of the X-band resonator as a
3FIG. 2. Auger-detected electron spin resonance experiments
on 28Si. (a) Pulse sequence showing the laser tuning (red
line) and an mw pulse (blue), as well a typical conductivity
trace. (b) Resonance spectra and (c) Rabi oscillations of the
31P electron spin. (d) Pulse sequence used for electron spin
echo experiments. (e) Echo for τ1 = 10 µs, (f) echo decay,
revealing a coherence time T2 = 1.1 ms. The data points
shown in gray have been excluded from the exponential fit.
broadband mw delivery system, allowing us to perform
measurements over a large frequency and magnetic field
range. The observed resonance positions are shown as
circles in Fig. 1(d) and the theoretically expected posi-
tions for the low frequency (mI = −1/2) peak are fit
to the data (black line). With the hyperfine interaction
constant A = 117.52 MHz as determined by the EN-
DOR experiments below, the fit results in an electronic
g-factor g = 1.99851(6), which is in very good agreement
with previous measurements [32].
To perform pulsed ESR measurements, we use the
mw resonator, which was tuned to a low quality factor,
around its resonance frequency and take advantage of the
piezo-tuning of the laser to switch between on-resonance
and off-resonance illumination. A typical pulse sequence
is shown in Fig. 2(a), where the laser tuning during the
sequence is indicated by the red line, schematically show-
ing the laser wavelength λ on the vertical axis. After a
long (typically 1s) polarization period (here DBE line 1),
the laser is tuned off-resonance to avoid spurious ion-
ization during the manipulation of the spin system via
magnetic resonance. Then, one or more microwave pulses
are applied. At the end of each sequence, the laser wave-
length is swept over the DBE resonance line. A typical
photoconductive trace as measured after the application
of a resonant mw pulse is shown as a function of λ at the
right of the sequence. The amplitude of the observed line
is determined by fitting the trace with a Lorentzian and
is a measure for the population of the probed donor state
(here mS = +1/2). Note that the strong DBE signal al-
lows us to perform all experiments single-shot, without
additional averaging. Furthermore, this approach pro-
vides an easy and frequent calibration of the position of
the DBE line to compensate for slow drifts in the laser
wavelength or changes in the magnetic field.
We now apply mw pulses corresponding to a rotation
of pi of the spin system, and again set the magnetic field
to B = 351 mT. ESR spectra are recorded by sweeping
the mw frequency and clearly show the two hyperfine-
split resonance peaks [Fig. 2(b)]. As expected and anal-
ogous to the cw measurements, the photoconductivity
is enhanced on resonance, where a repopulation of the
mS = +1/2 level is achieved (cf. Fig. 1(b)). The line-
shape is limited by the excitation bandwidth of the mw
pulse (pulselength 500 ns), as indicated by the pattern
reflecting the frequency distribution of the square pulse.
By changing the length of the mw pulse, Rabi oscillations
are recorded as shown in Fig. 2(c), demonstrating that
the coherent control of the electron spin can be detected.
As can be deduced from the different amplitudes of the
two hyperfine-split AEDMR lines, a nuclear spin polar-
ization is created, most likely because of Overhauser elec-
tron spin relaxation via the hyperfine interaction [28, 29].
It can reach up to 95% after long periods of resonant il-
lumination and can significantly hinder some of the mea-
surements, such as AEDMR on both hyperfine-split lines.
Therefore, resonant excitation of a different DBE line or
above-bandgap illumination was sometimes used to reset
the nuclear spin hyperpolarization between experiments
[20]. Since it acts as an upper bound in the nuclear spin
polarization process, we can estimate that the electron
spin polarization in our experiments is close to 100%. At
the applied laser power, it is created within ∼ 1 s, as de-
termined by measuring the time constant of the transient
current after application of resonant laser light.
For the detection of an electron spin echo, the single
mw pulse is replaced by an echo sequence pi/2 − τ1 −
pi − τ2 − pi/2 which includes a final pi/2 pulse [33, 34] to
project the magnetization onto the z-axis where it can
be detected by the AEDMR readout [Fig. 2(d)]. The
resulting spin echo is shown in Fig. 2(e) for τ1 = 10 µs.
We can measure the electron spin coherence time T2 by
recording the echo amplitude as a function of τ1 + τ2 for
τ1 = τ2, which is shown in Fig. 2(f), and find a T2 = 1.1
ms, comparable to similar measurements on isotopically
purified 28Si [11, 31].
For the detection and coherent manipulation of the
nuclear spin, we combine mw and radio frequency (rf)
pulses to implement Auger-electron-detected ENDOR
(AEDENDOR). In silicon, ENDOR is frequently used in
combination with conventional ESR detection [32, 35–41]
4FIG. 3. Schematic representation of the Auger-electron-
detected ENDOR experiments. (a) Pulse sequence showing
the laser tuning (red line), the mw (blue) and rf (green) pulses,
as well a typical conductivity trace. (b) Level population
diagram at points (i)-(iv) indicated in (a). Boxes represent
the level populations before (solid boxes) and after (dashed
boxes) the mw and rf transitions indicated by blue and green
dashed arrows, respectively. The results of resonant (NMR)
and off-resonant (no NMR) rf pulses are discussed in the top
row and the bottom row, respectively.
and spin-dependent recombination [19, 20, 42, 43] to re-
alize NMR experiments exploiting the higher sensitivity
of electron spin detection. We discuss our experimental
approach with the help of Fig. 3, where the applied pulse
sequence is shown in (a) together with level schemes illus-
trating the population of the donor spin states during the
experiment in (b). At the beginning, the resonant laser
excitation (DBE line 1) once more polarizes the system
by ionization of the donors with mS = +1/2. As a result,
only the mS = −1/2 states are occupied as depicted by
the gray boxes in Fig. 3(b)(i). After the laser is tuned
off-resonance, a selective mw pi pulse swaps the popula-
tions of the two mI = +1/2 states (dashed blue arrow).
Subsequently, an rf pulse is applied (ii) that is either reso-
nant (NMR, top row) or off resonance (no NMR, bottom
row) with the donor nuclear spin. In the case of NMR, a
transition within the a subensemble (here: mS = +1/2)
is induced and the level populations are changed (green
arrow). If the rf pulse is off-resonance, the populations
remain unchanged. Then, a second mw pi pulse is ap-
plied (dashed blue arrow in (iii)), which again swaps the
populations of the two mI = +1/2 states. The result-
ing configuration is different in the two cases discussed
in Fig. 3(b). In the case of an off-resonant rf pulse (bot-
tom row), the mw pulse swaps the populations back to
their initial state. In the configuration after a resonant
rf pulse (top row), however, the second mw pulse has no
effect on the populations, since it is between two empty
levels. Hence, one of the mS = +1/2 levels remains oc-
cupied after the second mw pulse. At the end of the
sequence, the laser wavelength is again swept and reveals
the signal for DBE line 1, measuring the population of
the mS = +1/2 states (red frame in (iv)). Its magnitude
is therefore enhanced in the case of a resonant rf pulse
(top row). In principle, both NMR transitions can be
measured using the same DBE line for polarization and
detection of the spin ensemble. This becomes clear from
Fig. 3(b)(ii). The application of an rf pulse resonant with
the mS = −1/2 subensemble populates the mS = −1/2,
mI = +1/2 level, meaning that the final mw pi-pulse is
between two equally occupied levels. Similar to the case
discussed above, this leads to a remaining occupation of
one of the mS = +1/2 levels and hence to a photocon-
ductive signal.
For the experimental realization of the measuring
scheme, we use the mI = +1/2 ESR transition at 9760
MHz and B = 351 mT. In Fig. 4(a), the resulting EN-
DOR signal is shown as a function of the frequency of
the applied rf pulse. Two peaks are observed, corre-
sponding to the resonances of the mS = +1/2 and −1/2
subensembles. The line positions correspond to a hy-
perfine interaction of A = 117.52(2) MHz and a nuclear
g-factor gn = 2.259(2), in very good agreement with pre-
vious measurements [24, 32]. As mentioned, both nuclear
spin resonances can be detected with the excitation of the
same DBE line. However, we have found that driving the
NMR transition between the two levels that are not ion-
ized by the laser leads to very long polarization lifetimes
(> 1 min) and significant broadening of the spectrum
even when a pi/2 reset pulse is added to the sequence.
Therefore, we have used DBE line 2 which ionizes the
mS = −1/2 states for the detection of the resonance at
65.162 MHz.
By changing the length of the applied rf pulse, we are
able to record Rabi oscillations of the nuclear spin which
are shown in Fig. 4(b). Replacing the single rf pulse by a
three-pulse echo sequence equivalent to the electron spin
echo sequence shown in Fig. 2(c), a nuclear spin echo is
recorded for τ1 = 5 ms [Fig. 4(c)]. The echo displays an
oscillation with ∆f ≈ 2.2 kHz, revealing a slight offset
of the applied radio frequency from the NMR transition.
The width of the observed echo (∼ 4 ms) corresponds to
a linewidth of about 250 Hz, suggesting that the spectra
in Fig. 4(a) are also limited by the excitation bandwidth
of the applied pulses (pulse length 3.5 ms)
To determine the nuclear spin coherence time, we mea-
sure the echo amplitude as a function of τ1 + τ2. The
observed decay is well described by an exponential decay
with a time constant T2 = 51 ms. It is not significantly
enhanced by the application of dynamical decoupling
pulses, as shown by the red triangles in Fig. 4(d), where
refocusing pulses are applied at a frequency fpi = 1.01
kHz in a Carr-Purcell sequence [44]. This suggests that
5FIG. 4. (a) Auger-electron-detected ENDOR spectrum
showing the two 31P nuclear spin resonances. (b) Rabi os-
cillations of the nuclear spin. (c) Nuclear spin echo. The rf
pulses are slightly off resonance (∆f ≈ 2.2 kHz). (d) Nuclear
spin echo decay, which is well described by an exponential de-
cay (black line), revealing a coherence time T2 = 51 ms, which
is not significantly changed by the application of dynamical
decoupling pulses (red triangles).
the coherence time is limited by a process that is either
frequency independent or cannot be refocused and is in
agreement with the observation of an exponential decay
in Fig. 4(d) [45]. While the electron spin lifetime T1
could in principle limit the nuclear spin coherence time
T2, it is typically orders of magnitude larger than the T2
measured here [46], which is confirmed by the polariza-
tion dynamics discussed above. However, we suspect that
electron spin flip-flop processes limit the nuclear spin co-
herence time in this sample because of the rather large
phosphorus concentration.
Coming back to the application of our experiments to
natSi, we first measure the photoconductive spectrum at
B = 300 mT and T = 6 K. As shown in Fig. 5, the
six DBE peaks are observed but overlap significantly.
Still, we are able to measure a pulsed AEDMR spec-
trum (Fig. 5(b)), as well as Rabi oscillation of the elec-
tron spin (Fig. 5(c)). The difference of the amplitudes
of the hyperfine-split resonances is again due to the slow
Overhauser polarization of the nuclear spins [30]. Since
the range of the piezo-tuning of our laser is not sufficient
to achieve an effective pulsing of the laser, a mechanical
shutter should be used to realize more complex exper-
iments, such as ENDOR. Still, these proof-of-principle
measurements show that optically assisted ENDOR ex-
periments are also feasible in natSi.
In summary, we have presented Auger-electron de-
tected measurements of the electron and nuclear spin of
phosphorus donors in 28Si. Because of the long electron
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FIG. 5. (a) Photoconductive spectrum of phosphorus-doped
silicon with natural isotope composition at B = 350 mT.
(b) Pulsed AEDMR spectrum of the same sample. (c) Rabi
oscillation of the phosphorus electron spin.
spin dephasing times in this material, AEDMR exper-
iments can be realized at very low mw powers, which
allowed us to realize a broadband detection using the an-
tenna of an off-resonant dielectric resonator. We have
further demonstrated the detection and manipulation
of the nuclear spin state using Auger-electron-detected
ENDOR, which does not rely on the optical selectivity
on mI . This approach significantly lowers the require-
ments on the linewidth of the laser used for excitation,
on strain and isotopic purity of the sample, and on the
experimental temperature compared to Auger-electron-
detected NMR experiments. Also, we have shown the
feasibility of AEDMR of phosphorus in silicon with nat-
ural isotope composition, which means that the discussed
ENDOR technique can enable the control of the 31P nu-
clear spin in such samples as well. The resulting very
large polarization can also be transferred to 29Si nuclear
spins to enhance the NMR signal in Si nanoparticle MRI
agents, either by ENDOR followed by inter-nuclei relax-
ation [30], or by a direct transfer of the electron spin
polarization using dynamic nuclear polarization [47–49].
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